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Trials to test new drugs currently in development against tuberculosis in humans are impractical. All animal models to prioritize
new regimens are imperfect, but nonhuman primates (NHPs) infected with Mycobacterium tuberculosis develop active tubercu-
losis (TB) disease with a full spectrum of lesion types seen in humans. Serial 2-deoxy-2-[18F]-fluoro-D-glucose (FDG) positron
emission tomography (PET) with computed tomography (CT) imaging was performed on cynomolgus macaques during infec-
tion and chemotherapy with individual agents or the four-drug combination therapy most widely used globally. The size and
metabolic activity of lung granulomas varied among animals and even within a single animal during development of disease.
Individual granulomas within untreated animals had highly local and independent outcomes, some progressing in size and FDG
uptake, while others waned, illustrating the highly dynamic nature of active TB. At necropsy, even untreated animals were found
to have a proportion of sterile lesions consistent with the dynamics of this infection. A more marked reduction in overall meta-
bolic activity in the lungs (decreased FDG uptake) was associated with effective treatment. A reduction in the size of individual
lesions correlated with a lower bacterial burden at necropsy. Isoniazid treatment was associated with a transient increase in met-
abolic activity in individual lesions, whereas a net reduction occurred in most lesions from rifampin-treated animals. Quadru-
ple-drug therapy resulted in the highest decrease in FDG uptake. The findings of PET-CT imaging may provide an important
early correlate of the efficacy of novel combinations of new drugs that can be directly translated to human clinical trials.

Successful treatment of tuberculosis (TB) disease requires a
minimum of 6 months of therapy with multiple drugs. The

mechanisms behind the slow response of TB to treatment are not
well understood, and markers currently used in clinical trials (e.g.,
sputum conversion, early bactericidal activity) do not accurately
predict treatment success (1, 2). The lack of reliable surrogate
markers of drug efficacy hampers efforts to develop new drugs,
shorten the treatment time, and reduce the disease burden. The
events that occur in the lungs and other tissues to eliminate My-
cobacterium tuberculosis during drug treatment are poorly under-
stood, especially at the lesional level. There is evidence that specific
lesion types, particularly cavities, are associated with poor treat-
ment outcomes in patients (3), but for the many pathologies pres-
ent in TB patients, we currently have little understanding of the
kinetics of resolution by different drugs (4, 5). Assessing which
lesions respond most slowly and optimizing regimens to resolve
them offer a rational route forward to shortening the duration of
chemotherapy; this is the ultimate goal for developing new treat-
ment models. Assessing response rates in animal models of disease
is difficult because necropsy is often the only time point at which
accurate sampling can occur (6). This does not allow a compari-
son of disease before and after drug treatment, nor does it facilitate
an analysis of the kinetics of the response from different subpopu-
lations of lesions.

Standard chest radiography provides little detail on the array of
lesions in lungs and lymph nodes in M. tuberculosis-infected hosts.
Modern imaging technologies provide potentially useful tools to
serially assess the drug response of TB in humans and animals. The

most widely used positron emission tomography (PET) radio-
tracer is 2-deoxy-2-[18F]-fluoro-D-glucose (FDG), a glucose ana-
log that is taken up and retained by metabolically active cells, such
as cancerous or inflammatory cells (e.g., macrophages, neutro-
phils, lymphocytes) (7–9). Coregistration of PET images with
computed tomography (CT) images facilitates improved ana-
tomic localization of areas of elevated FDG uptake. Incidental
identification of biopsy-proven TB lesions has been described
both anecdotally and in small case series among patients under-
going FDG PET-CT imaging for other diagnostic purposes (10–
13). More recently, small pilot studies have been conducted to
determine whether this method might be feasible in humans un-
dergoing TB treatment (14–16), although validation data are lim-
ited. PET-CT has also been used in experimental animal models
(e.g., mice and rabbits) to identify tuberculous disease and mon-
itor the treatment response (17–19).

The nonhuman primate (NHP) model of TB provides impor-
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tant advantages since animals develop all disease pathologies seen
in humans and pharmacokinetics in NHPs can generally be ex-
trapolated to or from those in humans using conventional body
weight allometric scaling rules (20, 21). We demonstrate here that
serial FDG PET-CT imaging of NHPs during the course of M.
tuberculosis infection and drug treatment provides a structural
and functional dynamic map of disease-specific lesions and that
the findings of FDG PET-CT imaging mirror the overall findings
at necropsy. Our goal was to determine whether overall metabolic
and/or radiographic changes as well as specific changes within
individual granulomas could be used as a surrogate marker for
drug efficacy. Our results indicate that granulomas evolve and
resolve independently within a single host, that individual lesions
respond differently to different drugs, and that overall PET and
CT signals can predict successful drug treatment, validated by
bacterial burden. These data have the potential to enhance the
interpretation of PET-CT scans of TB patients, and PET-CT im-
aging may be used as a tool in predicting drug response in clinical
trials for new TB drugs.

MATERIALS AND METHODS
M. tuberculosis infection and drug treatment. Healthy, adult (�4 years
old) cynomolgus macaques (Macaca fascicularis; Valley Biosystems, Sac-
ramento, CA) were infected with either a low (25 CFU) or an intermediate
(200 to 400 CFU) dose of M. tuberculosis strain Erdman via bronchoscopic
instillation and monitored as previously described (20, 22). After infec-
tion, serial analyses for clinical (i.e., clinical monitoring of weight, cough,
activity), microbiologic (i.e., analysis of gastric aspirate and bronchoal-
veolar lavage fluid for M. tuberculosis growth), and inflammatory (i.e., the
erythrocyte sedimentation rate) markers were conducted every 2 to 4
weeks to determine disease progression, as previously described (20, 22).
Once active disease was established (on the basis of clinical deterioration,
persistent positive M. tuberculosis growth, and increased inflammatory
markers, as previously described [20]), animals were randomly assigned
to either drug or control groups. Animals were treated for 8 to 12 weeks,
and ingestion of at least 90% of the prescribed dose was documented for
all animals. Doses of rifampin (RIF; 20 mg/kg of body weight/dose once a
day [QD]), isoniazid (INH; 15 mg/kg/dose QD), pyrazinamide (50 mg/
kg/dose QD), and ethambutol (55 mg/kg/dose QD) were based on previ-
ous pharmacokinetic data (6) or derived from human doses. All animals
with M. tuberculosis infection were maintained in a biosafety level 3 facil-
ity. Protocols and procedures were approved by the University of Pitts-
burgh’s Institution for Animal Care and Use Committee.

Necropsy procedures. An FDG PET-CT scan was performed on every
animal several days prior to necropsy to measure disease progression, and
individual granulomas were obtained for histological analysis and bacte-
rial burden. At necropsy, lesions previously identified by PET-CT imaging
and lesions not seen in the lung and mediastinal lymph nodes on imaging
were harvested. The size of each granuloma was measured at necropsy and
by prenecropsy scan. The number of bacilli per individual granuloma was
determined using the numbers of CFU per gram of granuloma tissue (20)
multiplied by the weight of the granuloma, based on a standard curve of
weight for granulomas of various sizes. Samples from liver and spleen as
well as grossly apparent extrapulmonary lesions (if present) were also
obtained, as previously described (20). Lesions were portioned for histo-
pathology and bacterial burden, as previously described (20).

PET-CT imaging and analysis. All PET-CT scans were performed in a
biosafety level 3 imaging suite using a hybrid preclinical PET-CT system
that includes a micro-PET Focus 220 preclinical PET scanner (Siemens
Molecular Solutions, Knoxville, TN) and an 8-slice helical CT scanner
(Neurologica Corp., Danvers, MA) (23). A standardized uptake value
(SUV) ratio (SUVR) was developed to normalize the degree of SUV vari-
ability between scans. Prior to treatment, lung granulomas (n � 5 to 8)
from each monkey were randomly chosen, and partial volume corrections

were made to each measurement on the basis of size of each lesion. The
same analyst measured the size and SUV for all animals in this study.
Metabolic activity for consolidations was measured by use of the glycolytic
index (volume · mean SUV) on the basis of the volume of lung involved.
Whole-lung PET was calculated by estimating the degree of abnormal
lung density, measured by Hounsfield units, compared to that at the base-
line by CT.

RESULTS
Development of TB disease assessed by serial FDG PET-CT. On
the basis of our previous experience, infection with a low dose of
25 CFU resulted in approximately half of the animals developing
active TB (20). To increase the rate of active disease, macaques
were infected with an intermediate dose (200 to 400 CFU) of M.
tuberculosis strain Erdman and scanned serially at monthly inter-
vals. FDG was used as a probe to track the evolution of lung gran-
ulomas and thoracic lymph nodes in macaques following infec-
tion. Imaging parameters such as lesion number, number of lobes
involved, size (on the basis of CT), and overall metabolic activity
(on the basis of FDG uptake and measured as SUVRs) were used to
assess disease progression. All animals that were scanned during
the first 4 weeks postinfection (p.i.) had one or more thoracic
lymph nodes with markedly elevated FDG uptake, suggesting an
early inflammatory response to infection. The lymph nodes
showed some fluctuations in size and SUVR over several months
of infection but did not change dramatically as the disease wors-
ened. However, in some lymph nodes it was possible to discern
necrotic effacement (see Fig. S1 in the supplemental material) or
mineralization as disease progressed, which was confirmed upon
necropsy.

Individual granulomas in the lungs could be detected on
PET-CT scan at as early as 2 to 4 weeks p.i. (Fig. 1). The median
number of granulomas at 4 weeks was 46 � 21 (range, 13 to 97;
n � 14 monkeys). Nodules that appeared in the first 8 weeks
measured between 1 and 11 mm in diameter (median � 2.4 mm)
by CT, and FDG showed avidity for 99% (SUVR � 1.0) with a
median SUVR of 14 (range, 0.7 to 40; n � 177 total granulomas
analyzed). By 20 weeks p.i., mineralization was observed in 32% of
lung lesions (18 of 56 randomly selected lesions) on CT.

Consolidations represent large areas of disease in the lungs,
often consisting of tuberculous pneumonia. From a histological
perspective, tuberculous pneumonia may be seen either as a pri-
marily infiltrative progression involving the direct local extension
of granulomatous infiltrates between contiguous airways or as a
process of coalescence of expanding, rapidly developing granu-
loma substructures. These histologic observations fit well with
what was observed by PET-CT imaging in this study, in that con-
solidations could arise from single lesions that increase in size and
from coalescence of lesions. These were observed by 4 weeks p.i. in
�30% of monkeys receiving the intermediate dose (see Fig. S1 in
the supplemental material). Consolidations ultimately developed
in the lung lobe that was the site of the initial instillation in 68% of
animals infected with this higher dose. The size and FDG avidity
varied widely among consolidations in different animals. In gen-
eral, lung consolidations increased in size and SUVR as clinical
disease worsened, suggesting that consolidations contributed sub-
stantially to the development of active TB. PET data for consoli-
dations were analyzed differently than those for small individual
granulomas due to their size; a glycolytic index (mean SUVR rel-
ative to the volume of tissue) was calculated. Consolidations on
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CT ranged from 0.84 to 83.97 cm3 (median � 9.91 cm3); the
glycolytic index ranged from 2.72 to 592.38 mean SUVR · cm3

(median � 48.77 mean SUVR · cm3). Necrotic areas within indi-
vidual granulomas and consolidations were identified by their
characteristic pattern of a lack of central FDG uptake. Cavity for-
mation developed in 15% (4 of 26) of animals in this study, with
the majority (3 of 4) being associated with adjacent consolidation.

For this study, animals with active TB that developed from

either intermediate-dose (n � 18) or low-dose (n � 8) infection
were used and distributed equally among treatment groups (in-
termediate dose; 6 of 10 animals were controls, 5 of 7 animals were
treated with isoniazid, 5 of 7 animals were treated with rifampin,
and 2 animals were treated with isoniazid, rifampin, pyrazin-
amide, and ethambutol [HRZE]). Animals with low-dose infec-
tion were defined as having active TB on the basis of our published
criteria (20). Likewise, animals infected with the intermediate
dose in this study developed active disease that included at least
one of the following: persistent positive M. tuberculosis growth in
gastric aspirate or bronchoalveolar lavage fluid (17 of 18), elevated
erythrocyte sedimentation rate (39%), cough (50%), and weight
loss or anorexia (22%).

Lesions are independent and dynamic over time without
treatment. Serial scanning allowed us to assess changes in individ-
ual lesions and lymph nodes over time, using characteristics that
include lesion size and FDG avidity. To assess the general pattern
of individual granulomas in a single monkey, a random sample of
granulomas (n � 5 to 8) from each monkey was identified on CT
and followed serially (an example of results for one monkey are
shown in Fig. 1). After infection, both size and FDG avidity in-
creased for a subset of these granulomas, and new granulomas
occasionally appeared. However, not all granulomas in a single
animal followed the same pattern of increased size and/or FDG
avidity. Some granulomas were stable, while others actually de-
creased in size or the SUVR decreased, even within the same ani-
mal, during development of active TB. These data indicate that
each individual lesion acts independently and that the overall
trend of disease progression may depend on only a subset of le-
sions.

Bacterial load, histologic characteristics, and FDG avidity in
granulomas from animals with active TB. Ten control monkeys
that were followed by serial PET-CT scans were necropsied be-
tween 18 and 42 weeks postinfection as they developed disease.
Using the PET-CT scan acquired immediately prior to necropsy as
a guide, individually identified lung granulomas and lymph nodes
were harvested and bisected for histology and bacterial enumera-
tion. Granulomas from monkeys with active disease harbored a

FIG 2 INH and RIF treatment reduces the bacterial burden within individual granulomas and in aggregate. (A) Granuloma bacterial burden (number of CFU
per granuloma) was obtained at necropsy for control and treatment groups. Each dot is an individual granuloma. Sterile granulomas are depicted as 0 CFU and
were found for 41 (of 99 total), 36 (of 43), and 33 (of 36) granulomas in the control, INH-treated, and RIF-treated animals, respectively. (B) The total bacterial
burden was reduced in animals treated with INH alone and RIF alone compared to that in the controls. The CFU score reflects the overall bacterial burden within
the entire animal. Each point represents the total bacterial burden of an animal. Too few data points were available for the HRZE-treated group for meaningful
comparison. P values were determined by the Kruskall-Wallis test (P � 0.001) with post hoc analysis by Dunn’s multiple-comparison test: *, P � 0.05; **, P � 0.01;
***, P � 0.001.

FIG 1 Lung granulomas are dynamic and independent. (A) Serial views of two
granulomas in the right lower lobe (RLL) with independent changes in size and
metabolic activity (yellow brightness) during early M. tuberculosis infection.
(B) Granuloma size (based on the relative size of each sphere) and metabolic
activity (SUV; y axis) are shown over time postinfection (x axis). Granulomas
were from the same animal whose lung granulomas are depicted in panel A.
Granuloma RLL 2 (purple) peaks in metabolic activity at 6 weeks postinfec-
tion, whereas granuloma RLL 1 (blue) peaks at 18 weeks postinfection. The
granuloma in red increases dramatically at 18 weeks postinfection, unlike RLL
1 and RLL 2.
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large range of numbers of bacteria, up to 70,000 CFU per granu-
loma (Fig. 2A). We attempted to find an association between
SUVR at the time of necropsy and bacterial burden for individual
granulomas. In general, granulomas with high bacterial burdens
did exhibit markedly elevated FDG uptake (Fig. 3, left). However,
the reverse was not necessarily true: granulomas with high SUVRs
could have a range of numbers of CFU per granuloma, and some
granulomas with no culturable bacilli exhibited relatively high
FDG uptake that overlapped with the observed SUVR values of
lesions with culturable M. tuberculosis. Thus, there was no direct
relationship between SUVR and exact bacterial numbers in gran-
ulomas identified in this study. However, the size of individual
granulomas did correlate with bacterial numbers in control ani-
mals (Fig. 3, right). Granuloma characteristics (determined by
histopathology) obtained at necropsy were also compared with
FDG uptake and bacterial burden. While a broad range of granu-
loma types was observed, no direct relationship between SUVR
and granuloma type was identified.

Thoracic lymph nodes are often culture positive in nonhuman
primates with TB (20, 24). We identified lymph nodes based pri-
marily on SUVR and then determined the bacterial load in each
lymph node. In control monkeys, 83% of lymph nodes with FDG
avidity had culturable bacilli (range, 0 to 41,000 CFU per lymph
node).

FDG PET-CT can detect improvement of active TB upon
drug treatment. We next investigated whether PET-CT could be

used to assess the efficacy of drug treatment. The total FDG SUVR
was calculated for the entire lung (excluding the thoracic lymph
nodes) prior to and during drug treatment in each animal. Mon-
keys were randomized for treatment with either RIF (n � 7) or
INH (n � 7) for 2 to 3 months. As controls, two monkeys were
treated with HRZE. Overall PET-CT activity was reduced substan-
tially by 2 months posttreatment among the RIF-, INH-, and
HRZE-treated groups (Fig. 4). No reduction in overall PET activ-
ity was seen in control animals during the last 2 months prior to
necropsy. The reduction in overall PET activity in the treatment
groups was validated at necropsy by comparing the overall bacte-
rial burden using our CFU scoring system (20). INH, RIF, and
HRZE were effective in reducing the bacterial burden compared to
no treatment (Fig. 2B).

Total FDG uptake is influenced by large areas of involvement
with FDG avidity, such as consolidations (composed predomi-
nantly of tuberculous pneumonia). However, in human active TB,
a range of granuloma types with different microenvironments and
bacterial burdens are present (25, 26). We examined the effects of
single-drug treatment on granuloma size and FDG uptake. Gran-
ulomas were randomly chosen (�5 to 6 per monkey, 7 monkeys
per treatment group) for tracking during treatment with INH or
RIF. There was a large range of SUVRs among granulomas prior to
treatment, as in the controls. Rifampin treatment resulted in a
significant reduction in the SUVR in individual granulomas at the
end of treatment compared to pretreatment SUVRs (Fig. 5A). In

FIG 3 Lesional bacterial burden correlates with size but not SUVR in control animals with active TB. (Left) The bacterial burden within a granuloma (gran) did
not specifically correlate to inflammation measured by FDG PET (SUVR) (linear regression, R2 � 0.03, P � 0.07). (Right) A positive correlation between size and
lesional bacterial burden was observed (linear regression, R2 � 0.244, P � 0.0001).

FIG 4 Treatment with INH, RIF, and HRZE results in reduced total PET activity from pretreatment levels. Total FDG uptake from the lungs was determined for
each monkey before, during, and at the end of drug treatment. The y axis reflects the percent change of total SUV from pretreatment levels (100%). Each line
represents an individual monkey. P values were determined by the Friedman test (P � 0.001) with post hoc analysis by Dunn’s multiple-comparison test. **, P �
0.01. Too few data points were available for the HRZE-treated group for meaningful comparison.
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contrast, SUVRs in granulomas in INH-treated animals were
more variable, with both increases and decreases in SUVRs being
found. In the two HRZE-treated animals, there was a significant
decrease in SUVRs in individual granulomas during treatment. In
contrast, most of the granulomas in control (untreated) animals
either showed no change in SUVR or increased over the 2 months
prior to necropsy.

We also performed PET data analyses at the midpoint (after 1
month of treatment) (see Fig. S2 in the supplemental material). In
both the RIF- and INH-treated groups, a number of the granulo-
mas showed increased FDG uptake by 1 month posttreatment. In
the RIF-treated group, the SUVRs of most of the granulomas then
sharply decreased, while in the INH group the SUVR of many of
the granulomas simply returned to the pretreatment SUVR. We
interpret this increase in SUVR to be increased inflammation due
to the killing of bacilli by the drug therapies, perhaps due to anti-
gen release.

CT provides the opportunity to track changes in the size of
individual granulomas during drug treatment. The majority of
individual granulomas in control animals with active TB were
relatively stable with respect to size over the 2 months prior to
necropsy. In contrast, INH, RIF, and HRZE treatments resulted in
significant reductions in granuloma size by the end of the treat-
ment period (Fig. 5B). A significant reduction in granuloma size
was observed at as early as 1 month after treatment in the INH and
RIF treatment groups (see Fig. S2 in the supplemental material).

Consolidations represent large areas of disease in the lungs and
are due to coalescing lesions or a single lesion that grows to a large
size. Not all M. tuberculosis-infected macaques develop consolida-
tions, although they are more prevalent following intermediate-
dose infection than low-dose infection. By histopathology, consoli-
dations are typically characterized as aggregates of caseous

granulomas or tuberculous pneumonia and represent substantial
disease. Treatment with either INH or RIF for 2 months was very
effective at reducing both the size and the mean glycolytic index of
consolidations (see Fig. S3 in the supplemental material). Control
consolidations either progressed or were unchanged.

Lymph nodes. In both active disease and latent infection, at
least one of the four to eight mediastinal lymph nodes is involved
with either bacterial growth or granulomas; in some cases, lymph
nodes can be completely effaced with granulomas at necropsy
(20). In untreated control monkeys, in the 2 months prior to nec-
ropsy, FDG avidity was unchanged in most lymph nodes. How-
ever, in drug-treated animals, the lymph nodes were more dy-
namic in terms of FDG uptake, with the SUVR in many increasing
over the course of treatment, particularly in the INH- or HRZE-
treated group (see Fig. S4 in the supplemental material). Only a
subset of lymph nodes in the drug-treated animals showed de-
creased FDG uptake. However, bacterial numbers in lymph nodes
were low in drug-treated animals compared to the control ani-
mals, and many of the lymph nodes were sterilized following treat-
ment with INH (75%), RIF (88%), or HRZE (100%) compared to
the lymph nodes of the controls (41%).

Relationship of SUVRs and bacterial numbers in granulo-
mas during short-term drug treatment. We compared SUVRs
and bacterial numbers (numbers of CFU per granuloma) for sev-
eral granulomas obtained at necropsy from each drug-treated an-
imal. Most of the individual granulomas were sterilized by
treatment with INH, RIF, and HRZE. There was not a simple
correlation of SUVRs to bacterial numbers in individual granulo-
mas following drug treatment. However, since granulomas in ac-
tive TB can have a range of FDG avidities and bacterial numbers
prior to the start of treatment, we reasoned that changes in SUVR
(�SUVR) during treatment could correlate with bacterial number

FIG 5 Serial measurements of granuloma SUV and size (mm) of monkeys immediately before (pre) and at the end (post) of drug treatment. (A) The metabolic
activity of individual granulomas decreases with RIF and HRZE; (B) granuloma size decreases among animals treated with RIF alone, INH alone, and HRZE. P
values were determined by the Wilcoxon matched-pairs sign-rank test: ***, P � 0.001; ****, P � 0.0001.
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at necropsy in individual granulomas. In control animals, there
was no correlation between �SUVR and the number of CFU at
necropsy (Fig. 6). The bacterial numbers were substantially lower
in individual granulomas of drug-treated animals than in those of
control animals (Fig. 2A). In control animals with active TB, 35%
of individual granulomas were sterile (n � 100); this analysis nec-
essarily excludes coalescing lesions and areas of pneumonia. In the
RIF-treated animals, 26 of the 28 granulomas for which we mea-
sured the SUVR both pre- and posttreatment and obtained bac-
terial numbers were sterile (93%), and all but 2 of the sterile gran-
ulomas had a reduction in SUVR over the course of treatment. For
INH, 17 of the 23 granulomas assessed for �SUVR and numbers
of CFU at necropsy were sterile (74%), and of these, only 6 showed
a reduction in SUVR over the treatment period. Of the 6 granulo-
mas that still had culturable bacilli, 5 had reduced SUVRs. Thus,
reductions in SUVR did correlate with enhanced clearance of bac-
teria in granulomas for RIF, but this was less obvious for INH at 2
months of treatment (Fig. 6).

Changes in the size of individual granulomas were also com-
pared to bacterial numbers at necropsy. In control animals, the
majority of granulomas with culturable bacilli, particularly those
with more than 2,000 CFU per granuloma, demonstrated an in-
crease in size over the 2 months prior to necropsy. In RIF- and
INH-treated animals, the majority of the granulomas that had few
or no culturable bacilli also had a decrease in size over the course
of treatment (see Fig. S5 in the supplemental material).

The histopathological characteristics of granulomas that were
followed serially by scan were analyzed. In our experience, fibrotic
granulomas or those with interstitial fibrosis are associated with
successful drug treatment, while posttreatment the remaining ba-
cilli are primarily in nonresolved caseous granulomas (20). All
fibrotic granulomas from the RIF and INH treatment groups were
associated with a decreased �SUVR. Interstitial fibrosis was asso-
ciated with a decreasing SUVR in all RIF-treated granulomas and
most (67%) INH-treated granulomas. Thus, granulomas that
were associated with healing were most prominent in the INH-
and RIF-treated animals and were also more likely to have de-
creased FDG uptake in response to treatment.

DISCUSSION

Assessing the efficacy of anti-TB drugs in animal models is essen-
tial for identifying new therapeutics against this disease. Most

drugs are tested in mice, and the results do not always translate to
humans (27–29). However, testing drugs in nonhuman primates
with tuberculosis, a model that closely mimics both the infection
outcomes and pathology of human tuberculosis, can be challeng-
ing. Severity of disease is variable in macaques, just as in humans,
and this makes it difficult to perform cross-sectional studies at
different posttreatment intervals using distinct groups of animals.
However, the advantage of animal models is that single-drug ther-
apies can be performed and tissue data can be obtained at nec-
ropsy.

PET-CT has the potential to be an important tool for quickly
assessing the efficacy of drugs against active TB; specifically, the
most useful readout will likely be a combination of changes in size
and SUV in individual lesions as well as overall. This technology
can be used in human clinical trials of drugs in certain situations
and should provide a more rapid assessment of drug efficacy. In
this study, we used a higher dose of infection to obtain a higher
percentage of animals with active TB disease. Using 200 to 400
CFU, virtually all animals developed active disease. With the
PET-CT technology available to us, we were able to detect granu-
lomas within the lungs as early as 3 weeks postinfection and gran-
ulomas that were as small as 1 mm in diameter. A striking finding
was the dynamic nature of granulomas over time in individual
animals, even in the absence of drug treatment. The majority of
granulomas, following relatively high-dose infection, showed
FDG avidity early postinfection. Over time, however, granulomas
can change in size and FDG avidity, with some becoming bigger or
smaller and some showing more or less FDG avidity. This reveals
that granulomas have independent trajectories even without drug
treatment. Surprisingly, sterile lesions were found in the untreated
animals, yet these lesions were not always low in FDG avidity.
Since FDG is incorporated into metabolically active cells, we in-
terpret the sterile lesions showing FDG avidity to be those in which
the immune response was sufficiently activated to kill the bacilli
completely at some point prior to necropsy. In contrast to FDG
avidity (SUVR), the size of the granuloma did correlate with bac-
terial numbers. In the rabbit model, there was a closer correlation
of both SUVR and size with bacterial numbers, but the complexity
of disease and granuloma types is less in rabbits (or mice), and
rabbits have a relative paucity of sterile granulomas. This may
have contributed to the differences with the NHP model seen here.

There are several ways to interpret the PET scan data from the

FIG 6 Reductions in SUVRs during INH or RIF treatment are observed with low bacterial numbers per granuloma. Each point represents a single granuloma
from control (n � 9 animals), RIF-treated (n � 7 animals), and INH-treated (n � 7 animals) animals. Too few samples from the HRZE-treated group were
available for meaningful analysis. Note that the x axis scale (CFU per granulomas) differs between the control and treatment groups due to high bacterial numbers
in the control group.
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treated animals. When overall FDG uptake in the lungs was
tracked, treatment with INH, RIF, or HRZE for 2 months led to
substantial reductions in FDG uptake. Thus, examining the over-
all PET signal provides an assessment of drug efficacy within 2
months of treatment. Changes in the overall PET signal are pri-
marily attributed to consolidated lung lesions that contribute to
substantial bacterial burdens and are seen in severe human cases.

One advantage of serial PET-CT scanning is the ability to track
individual granulomas and consolidations during treatment. Less
dramatic but still significant changes were noted among individ-
ual granulomas. However, these lesions cannot be ignored, as they
harbor bacteria that could lead to relapse. Among the control
animals, in the 2 months prior to necropsy (which corresponds to
the period of treatment in the drug-treated groups), most granu-
lomas were fairly stable in terms of either FDG uptake or size. A
substantial reduction in granuloma-specific bacterial burden and
size was observed in all 3 treatment groups, despite the fact that
significant decreases in FDG uptake were observed only in the
group treated with RIF alone and HRZE and not in the group
treated with INH alone. The persistence of FDG uptake even
though the lesions had reduced bacterial burdens could be ex-
plained by increased inflammation in the lesions during early INH
treatment, perhaps due to release of mycobacterial antigens. Since
RIF and INH kill mycobacteria by different mechanisms, it may be
that INH treatment leads to release of more lipid and protein
antigens, which can cause inflammation. An alternative explana-
tion may be that bacteria or bacterial debris is more slowly cleared
from lesions during INH treatment, resulting in extended inflam-
mation in individual granulomas. RIF has previously been re-
ported to have anti-inflammatory properties that could influence
the dramatic decrease in the SUVR observed shortly after treat-
ment (30, 31), although this has not been described in the TB
literature. Comparing lesions for which we obtained both the
numbers of CFU per granuloma and SUVRs (Fig. 6), it is clear that
even sterilized lesions in INH-treated animals (i.e., 0 CFU) occa-
sionally showed increased SUVRs, while nearly all sterilized le-
sions in RIF-treated animals had a decreased SUVR over the treat-
ment period. Perhaps a longer imaging interval is necessary with
INH treatment to see reductions in SUVRs for all granulomas. In
our previous studies in a rabbit model, the increase in FDG avidity
in INH-treated animals was not observed at 4 weeks of treatment.
There was a significant decrease in the SUVR in individual lesions
at as early as 1 week and also by 2 months of treatment (19). The
macaque develops a variety of lesion types, and it may be that
some granuloma types respond to INH more quickly than other
lesion types and these lesion types are more prominent in rabbits.
In a similar fashion, early (at 1 to 3 months) and transient in-
creases in blood gamma interferon responses have been observed
during treatment of both latent and active TB with regimens that
include INH (32–35).

In contrast to consolidations and individual granulomas, tho-
racic lymph nodes were much more difficult to assess for changes
in FDG uptake during treatment. In fact, many of the lymph nodes
exhibited increased FDG uptake during treatment. This likely re-
flects activated immune cells that are killing bacilli, since a higher
fraction of lymph nodes was sterilized with drug treatment. It is
also possible that antigens released by dying bacteria in the lung
are transported to the lymph nodes by dendritic cells and the
increased inflammation is due to activation of immune cells, in-
cluding T cells or phagocytic cells. A limitation of FDG as a PET

probe is its inability to distinguish the type of cell that is metabol-
ically active.

In summary, we demonstrate here that serial PET-CT using
FDG as a probe allows tracking of overall disease, individual gran-
ulomas, and lymph nodes during M. tuberculosis infection and
treatment in an animal model of disease that is remarkably similar
to the disease in humans. Using PET-CT, one can identify the
efficacy of a single drug or a multidrug regimen within 1 to 2
months of treatment. This methodology holds the possibility of
identifying different types of lesions that are not successfully
treated by individual drugs (which may lead to treatment failure)
and provides an early readout of the efficacy of new drugs prior to
testing in humans.
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